The importance of geographic location and annual variation on the detection of differences in the rhizomicrobiome caused by the genetic modification of maize (Bt-maize, event MON810) was evaluated at experimental field sites across Europe including Sweden, Denmark, Slovakia and Spain. DNA of the rhizomicrobiome was collected at the maize flowering stage in three consecutive years and analyzed for 20
Introduction
The cultivation of genetically modified (GM) maize with resistance against agricultural pests has become 35 common practice in many countries across the world [1]. Among the genetic modifications, the expression of insecticidal endotoxins which are naturally produced by the bacterium Bacillus thuringiensis (Bt), is especially important. Bt-modifications can provide resistance against insects that are not easy to control by chemical pesticides [2] . Bt-maize event MON810 has been widely used in agriculture for several decades: It produces the Cry1Ab toxin which kills the European corn borer 40 (Ostrinia nubilalis), a widely abundant lepidopteran pest. Today, the event MON810 is present in a high diversity of maize varieties and thereby occurs in agroecosystems with contrasting climatic conditions [1] . In Europe, maize can be cultivated across the whole continent with the exception of larger parts of Scandinavia, and the use of Bt-maize MON810 in the European Union was authorized by the European Commission in 1998 [3] . However, overruling national regulations have limited the actual commercial 45 cultivation of maize MON810 to only a few European countries, with the most widespread use in Spain
For authorizing the cultivation of any genetically modified crop in the European Union, legislation requires that environmental risks are characterized. Guidance documents developed by the Panel of Genetically Modified Organisms of the European Food Safety Authority explain the procedure for 50 environmental risk assessment (ERA) [4] . An important aspect of ERA is the consideration of GM-specific effects on non-target organisms (NTOs), as they may interact with the GM plants in agroecosystems or beyond in neighboring ecosystems. Their protection is required to preserve biodiversity and maintain ecosystem functions [5] . NTOs encompass insects, earthworms, nematodes and other faunal groups, but they also include soil microorganisms, the latter involved in biogeochemical cycling and other ecosystem 55 services [6] .
The most immediate interactions between plants and soil microorganisms occur in the rhizosphere, i.e. the soil influenced by roots and their exudates [7] . The energy rich carbon sources provided by plant roots support a diverse microbial community dominated by bacterial and fungal taxa [8] . The composition of these rhizomicrobiomes is variable. It depends on the particular soil with its resident 60 microbial community, as well as on plant properties, climate and other environmental factors [9, 10] . A diverse rhizomicrobiome is generally assumed to support the growth of the plant by facilitating its access to nutrients [11, 12] and provide protection against soil-borne plant pathogens [13, 14] . Thus, maintaining a diverse rhizomicrobiome could be an option in support of an environmentally friendly crop production and a protection goal when considering the unintended environmental effects of a GM plant 65 [15] .
The most suitable technical approach to capture the diversity of the rhizomicrobiome is the analysis of genetic markers in DNA extracted from rhizosphere samples. Suitable targets for bacterial and archaeal diversity is the 16S rRNA gene, and for fungal diversity the 18S rRNA and 28S rRNA genes and ITS sequences [16] [17] [18] . While these genes allow the characterization of the structure and composition of the 70 microbial community, functional genes may provide additional information on an ecosystem service.
E.g., bacterial nirK and nirS genes encode alternative versions of the enzyme nitrite reductase which mediates a key activity in denitrification, a process highly relevant in the rhizosphere. Denitrification results in a loss of nitrogen delivered by fertilization thereby wasting resources in crop production [12, 19] . While a change in the abundance or diversity of such marker sequences does not necessarily directly 75 translate to an adverse effect of a GM plant, it can serve as an indicator if plant signaling to soil is altered, making further consideration of potential environmental hazards necessary.
The rhizomicrobiome of maize MON810 in different genetic backgrounds and in relation to near-isogenic cultivars as comparators has already been studied at a number of field sites located in different climatic regions, including Portugal, Spain, Slovakia, the USA, Brazil or Germany [18, [20] [21] [22] [23] [24] [25] , and an effect of the 
Materials and methods
Field sites and sampling 105 This study included four field sites located in different countries: Denmark, Slovakia, Spain, and Sweden.
At each site, 10 plots were sown with BT maize and 10 plots with a near-isogenic non-BT cultivar. The maize cultivars used are listed in Table 1 . The plots were randomly assigned to the cultivars. They were 10 m × 10 m in size, placed 5 m apart from each other, and bordered by 5 m wide conventional maize strips.
110 
Sequencing and data processing
The V4 region of the bacterial and archaeal 16S rRNA genes and a segment of the nirK gene was amplified by PCR and subjected to Illumina MiSeq sequencing according to the protocol of [27] . The primers used in the PCR contained the Illumina adaptor sequences, 8 nucleotide (nt) long index sequences, a 10 nt section to allow the appropriate annealing temperature during sequencing, 2 nt not complementary to the target sequence, and a target sequence-specific region which was S-D-Arch-0519a-S-15 (CAGCMGCCGCGGTAA) and S-D-Bact-0785-a-A-21 (GACTACHVGGGTATCTAATCC) [28] Fungal ITS1 sequences were PCR-amplified using primers with Illumina overhang adaptors and target specific regions ITS1F (CTTGGTCATTTAGAGGAAGTAA, [29] and ITS2 (GCTGCGTTCTTCATCGATGC, [30] . separately. In the 16S rRNA gene dataset, forward and reverse reads were trimmed at position 10 from the start and at positions 240 and 180 from the end, respectively, or at any position with a Q-score of 2.
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Reads with more than two expected errors or any ambiguous bases were discarded. Error models were constructed with default settings from data from a subset of the samples containing over 10 6 sequences in total. SVs were identified based on the error models using the pool option. Chimeric sequences were identified with the removeBimeraDenovo function of the dada2 package and discarded. The taxonomical classifications of the SVs were determined based on the SILVA reference version 123 [32] . Only results 205 with at least 70% bootstrap support were accepted. SVs longer than 275 nt, or identified as mitochondrial or chloroplast sequences, or not classified into Bacteria or Archaea were removed from the dataset.
In the case of the nirK sequences, forward and reverse reads were trimmed at position 10 from the start and at positions 295 and 250 from the end, respectively, or at any position with a Q-score of 2. Reads 210 with over two expected errors or any ambiguous bases were discarded. Error models were constructed with the band size parameter of the dada algorithm set to 40, and using data from a subset of the samples containing over 880,000 sequences in total. SVs were identified based on the error models using the pool option. Chimeric sequences were identified with the removeBimeraDenovo function of the dada2 package and discarded. FrameBot [33] was used to translate the SVs to amino acid sequences, 215 correct for frameshifts, and compare the resulting translated sequence variants (TSVs) to the nirK reference database at the FunGene repository [34] with a minimal length cutoff of 80 amino acid residues and identity cutoff of 0.8.
The fungal ITS sequences were first processed with cutadapt version 1.13 [35] to trim off the primer sequences from the beginning of the reads and the complement sequence of the opposite primer from 220 the end of the reads. A 10% mismatch rate was allowed in the recognition of the primer sequences.
Forward and reverse reads in which the forward or reverse primer, respectively, could not be identified were discarded. Reads were truncated at the first position with a Q-score of 10 or lower and those shorter than 90 nt or with more than two expected errors or any ambiguous bases were discarded. Error models were constructed using all sequences from the sequencing run with the band size parameter of 225 the dada algorithm set to 32. Chimeric sequences were identified with the removeBimeraDenovo function of the dada2 package and discarded. The taxonomical classifications of the SVs were determined based on the UNITE reference version 7.1 [36] with a bootstrap support threshold of 70%.
SVs not classified as Fungi were removed from the dataset. sequence counts of taxa, SVs were merged according to their classification at a given taxonomical level.
Statistical analysis of the sequencing data
Only those bacterial and archaeal taxa were included in the ALDEx2 analysis that had at least 100 sequences in total in the compared samples. The p-values from the Welch's t-tests were corrected for multiple testing with the method of Benjamini and Hochberg [40] .
Results
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Quantitative analyses (qPCR results)
Between samples from BT and non-BT maize, there was no significant difference in the abundance of bacterial 16S rRNA genes or in the abundance of nirS genes at any of the sites in any of the sampling years. The abundance of archaeal 16S rRNA genes was higher in the non-BT samples than in the BT samples at the Spanish site in 2012 (Table 2) Bacterial 16S rRNA gene numbers were in 2012 significantly higher in the samples from the Swedish site than in the samples from Slovakia and Spain (Fig 1) . Between 2012 and 2013, the abundance of bacterial For fungal ITS sequences, the numbers were significantly higher at the Swedish site than at the sites in Slovakia and Spain in 2012 (Fig 1) . Between 2012 and 2013, fungal ITS abundance increased at the 290 Slovakian and Swedish sites but did not change in Spain. In 2013, the samples from Sweden had the highest number of fungal ITS sequences followed by the samples from Denmark, Slovakia, and Spain, all being significantly different from the others. Between 2013 and 2014, the fungal ITS copy numbers decreased in the samples from Sweden, but did not change at the other sites. Thus, in 2014, the highest fungal ITS abundance was found at the site in Denmark, followed by Slovakia, and lastly Sweden, all 295 differences being significant.
In 2012, the number of nirK genes was significantly higher in the samples from Sweden than in the ones from Slovakia and Spain (Fig 1) . From 2012 to 2013, nirK abundance significantly increased at all three sites. In 2013, the highest was at the sites in Denmark and Sweden followed by Spain with significantly lower copy numbers than in Sweden, and lastly Slovakia with nirK abundance significantly lower than the 300 other three sites. Between 2013 and 2014, the number of nirK genes decreased significantly at all sites.
In 2014, nirK abundance was significantly higher in the samples from Denmark and Sweden than at the Slovakian site.
In 2012, the copy number of nirS genes was higher in the samples from the Spanish site than in the samples from Slovakia and Sweden (Fig 1) . From 2012 to 2013, nirS abundance increased significantly at 305 the site in Sweden. In 2013, nirS gene numbers were the highest at the site in Spain, significantly lower in the samples from Denmark and Sweden, and lowest in the samples from Slovakia. Between 2013 and 2014, the copy number of nirS genes increased significantly at the site in Slovakia, but decreased in Denmark and Sweden. Accordingly, in 2014, nirS abundance was significantly higher in the Slovakian compared to the Danish and Swedish samples.
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There was a strong positive correlation (r = 0.759) between the abundance of archaeal 16S rRNA genes and the nirS gene numbers (Fig 2) . The nirK abundance was more correlated with bacterial 16S rRNA gene numbers (r = 0.525), and there was no strong correlation between nirK and nirS abundance (r = 0.207). While bacterial and archaeal 16S copy numbers were in strong correlation with each other (r = 0.691), they were not strongly correlated to fungal abundance (r = 0.390 and -0.101 respectively). All 315 pair-wise correlations between the qPCR results were found significant (p ≤ 0.003) except for the correlation between fungal and archaeal abundance (p = 0.157).
Fig 2. Correlation between the gene copies of different target gene sequences. Scatterplot matrices
with shading from grey to red indicate low to high density of data points. The Pearson correlation 320 coefficient is shown in the corner of the plots. (Table 3) . 
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The diversity of nirK TSVs was significantly higher in the samples from Sweden than at the Spanish site in 2012 (Fig 3) . In 2013, the Danish and Swedish samples showed higher diversity than the ones from the Slovakian site. The year-to-year variation within the sites was not significant, except for an increase at the Slovakian site between 2013 and 2014. In 2014, there was no significant difference in nirK diversity between the sites.
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In fungal ITS diversity, there was no significant change between 2012 and 2013 at any of the sites (Fig 3) .
In both years, the samples from Slovakia had significantly lower Simpson index values than the samples from the other sites. Spanish, and Swedish sites, but clear separation between years among the samples from Denmark and Spain (Fig 4E,G,H) . The samples from the Swedish site do not show such clear grouping by years, the samples from 2012 overlap with the ones from 2013 on the ordination plot ( Fig 4H) 4F) . Among bacterial and archaeal SVs and taxa, the genus Acinetobacter (Gammaproteobacteria) and SV#198 classified into this genus had significantly lower relative abundance in the BT than in the non-BT 395 rhizosphere samples at the Danish site in 2014 (Table 4 ). However, this genus and SV did not show significant response to the maize genotype at the other sites or in Denmark in 2013. In the samples from the Slovakian site in 2014, genera Arthrobacter and Acidothermus (both Actinobacteria), and three SVs assigned to Arthrobacter, Bacillales (Firmicutes), and Sphingobium (Alphaproteobacteria) decreased significantly in relative abundance in the BT compared to the non-BT samples ( Table 4 ). These genera 400 and SVs were not found to respond significantly to the maize genotype in the other two years at the site in Slovakia or at the other sites in any of the sampling years. (Table S2 ). Out of these 80 TSVs, 51 were not detectable in the samples from the BT plants. The combined relative abundance of the 161 TSVs in the Slovakian samples from 2014 was 60.2 ± 6.8%. Their nearest matching sequences from the FunGene nirK reference database and the source organisms of the reference sequences are listed in Table 5 . Out of the 20 reference sequences, 13 had matches both among the TSVs more abundant in the non-BT rhizosphere 420 samples and the TSVs more abundant in the samples from BT plants. Regarding differences in community structure between the sites, similar patterns were found in the bacterial and archaeal, nirK-type denitrifier, and fungal communities. NMDS revealed large differences between the sites that approximate the geographic distances between them: the samples from the 430
Community structure and composition
Swedish and Danish locations are close on the ordination plots, the Slovakian samples are further apart, while the ones from the site in Spain are relatively far from the others. The NMDS plots of the samples from 2013 are shown as an example in Fig 5. The difference in the structure of the nirK-type denitrifier community between the samples from non-BT and BT maize at the Slovakian site in 2014 ( Fig 4F) was not large compared to the differences between sites ( Fig 6) . on the rhizomicrobiome utilizing different techniques. Most of them failed to find an effect, and it's been assumed that there is no effect or it is not large enough to become detectable over the background of natural variation [22, 41, 42] . However, most previous studies investigated the microbial community with methods of relatively low resolution, e.g. with a widely applied gel-based genetic fingerprinting that 445 can usually distinguish not more than 20 to 50 dominant taxonomic units [43, 44] . Higher resolution can be achieved by high-throughput DNA sequencing of PCR amplicons [10, 45] . This has revealed that a Btmaize expressing three different Cry-genes was different in the composition of its rhizosphere microbial community from its non-GM comparator, but on the other hand, this difference was not larger than what was found between non-GM cultivars [45] . In our study however, with the sequencing depth and 450 the number of samples representing different field sites and annual replication higher than in any of the above cited works, the results show that neither the abundance nor the diversity of markers characterizing the rhizomicrobiome was affected by maize MON810 and the expression of the Cry1Ab protein in a consistent manner.
Considering that the Cry1Ab protein has been demonstrated to enter the soil via root exudation or 455 sloughed-off root cells [22, 46] , a response of the rhizomicrobiome resulting in a differently structured community detectable by deep sequencing of marker genes would not have been surprising. The protein present in the rhizosphere could potentially interact with soil microorganisms, either acting as a toxic or growth inhibiting compound or the opposite, serving as an energy and nutrient source thereby supporting the growth of specific microbial community members. Adverse effects, including toxicity of 460 the Cry1Ab protein on soil microorganisms have been previously analyzed but never detected [47, 48] . In contrast it was demonstrated that Cry1Ab can be degraded by soil microbial cells and support microbial growth [49] . However, the stable community structure of the rhizomicrobiome found in our study suggests that the presence of Cry1Ab was not sufficient to cause significant shifts in relative abundances of microbial community members. This lack of response may be explained by the low amount of Cry1Ab 465 compared to other plant proteins released into the soil, and also by the fact that Cry1Ab adsorbs to surface-active soil particles which limits its accessibility to the microbiome and slows down its degradation [49, 50] . Interestingly, the NMDS analyses indicated a higher similarity between the rhizosphere communities from the two sites from Northern Europe (Denmark and Sweden, situated 115 km apart), than between them and the other two sites, even though in Slovakia the same maize genotype was used. Apparently, the biogeographical zone was more important in shaping the rhizomicrobiome than the cultivars. This 480 geographical effect is likely a combined result of similar soil types and climatic conditions under which maize was cultivated. Shared climate was also considered an important driving factor of bacterial diversity in the rhizosphere of maize studied with different cultivars at five field locations across the United States [52] . Apart from soil and weather, variation between the sites of this study could be linked to locally optimized agricultural management, including fertilization practices, tillage, and pest 485 management.
The plants selected for distinct rhizomicrobiomes at each field site, still the community composition as indicated by the relative abundance of phyla, subphyla, and classes was similar to those described in other studies [52, 53] . While the self-organized process of the formation of the rhizosphere microbial community indicated by the consistent occurrence of the same taxonomic groups across different 490 geographical zones is still a matter of research, it appears that the genetic modification did not interfere with this process. The response of vascular arbuscular (VA) mycorrhizal fungi, which commonly belong to the phylum Glomeromycota, to maize expressing Cry1Ab has been investigated, but Bt-specific effects found in one greenhouse study could not be confirmed under field conditions [25, 41, 54] . In our study, Glomeromycota was represented by only 0.050 ± 0.087% of the fungal ITS sequences, suggesting that VA 495 mycorrhization of maize cultivated at the different field sites across Europe had no importance. It has to be noted, that PCR-based surveys of ITS diversity can underestimate the abundance of Glomeromycota [55, 56] . Yet, the lack of mycorrhization would not be unexpected considering that soil tillage and excessive fertilization with nitrogen, potassium, and phosphate are not unusual in maize cultivation in Europe.
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The functional genes nirK and nirS were analyzed in this study because they were suspected to be sensitive to a modified rhizodeposition. In fact, bacterial communities involved in denitrification were found to respond to the quantity and quality of root exudates [57] . Several studies have indicated that, even though both genes encode an enzyme catalyzing the same reaction, their ecological patterns are different suggesting specific, yet poorly understood niche adaptation [58] [59] [60] [61] . When comparing nirS and 505 nirK encoded proteins, it was also suggested that nirK is more frequently associated with incomplete denitrification than nirS. Consequently, a higher expression of nirK versus nirS would lead to an increased production of the greenhouse gas N 2 O, while higher nirS expression would mean larger N 2 O sink capacity [62, 63] . On average, nirK was approximately 500-fold more abundant than nirS in our samples. At the four sites during the three years included in our study, nirK abundance was affected by the genetic 510 modification of maize only in two isolated cases and only to a minor extent. These results suggest that maize cultivation at these sites may not be favorable for avoiding the adverse effect of N 2 O emission but a replacement of conventionally bred maize by Bt maize MON810 would be neutral in this regard assuming no change in agricultural management practices.
If only one year, 2014, had been included in our study, it would have concluded based on 161 515 differentially abundant nirK TSVs containing almost 70% of all nirK sequences, that soil bacteria with the genetic potential to reduce nitrite and to be involved in the production of the greenhouse gas N 2 O were affected by the genetic modification of the plant at the site in Slovakia, while at other sites this did not occur. This would suggest that the genetic modification can alter the soil microbiome depending on factors like climate or soil type. Results from the other two years from the Slovakian site, however, did 520 not confirm this observation, showing that it was a sporadic event which did not reflect a common biological response to the cultivation of maize MON810. It should be noted that the dramatic change observed in the structure of the nirK-type denitrifier community in Slovakia in 2014 likely did not translate to a large effect at the functional level since many TSVs that showed the opposite response were affiliated with the same bacterial taxa. Similarly, isolated data from 2014 indicated a decline in the 525 abundance of nirK genes in response to the genetic modification of maize at the Swedish site, accompanied by an increase in fungal abundance indicated by ITS sequences. Annual replication, however, did not confirm these responses, suggesting that they were owed to the high variability of microbiological parameters which may be encountered at field sites exposed to variable weather conditions. Considering the potential consequences that such misconceptions derived from data from 530 only one season could imply for an environmental risk assessment, our study underlines the crucial importance of collecting data from more than one growing season. The importance of annual replication was also a major conclusion of a recent review on GM effects on fungal communities [64] .
In conclusion, this study demonstrates with a highly sensitive microbial community analysis which also covered less abundant community members, that the genetic modification enabling Bt maize MON810 535 to express the insecticidal protein Cry1Ab has no tangible effect on the composition of its rhizomicrobiome. The sporadic differences found in the abundance and community structure of rhizosphere Bacteria, Archaea, Fungi, and denitrifiers between MON810 maize and its near-isogenic comparators were minor or unlikely to affect community functions. Furthermore, these were isolated cases not consistently observed in subsequent years. Our results clearly indicate that for an accurate 540 assessment of the effects of GM plants on their rhizomicrobiome, annual replication is even more important than the consideration of field sites from different biogeographical zones. like to thank our colleagues running the field experiments for their hospitality and strong support during 
